Abstract -For the first time, the FDTD method enhanced with an adaptive mesh refinement (AMR-FDTD) technique, which allows for the field tracking by a moving/rotating 3-D cartesian mesh, is applied to the simulation of microwave integrated circuits. A coarse grid is recursively refined in regions with large gradient of energy. The mesh refinements are dynamically evolving as the simulation progresses. Numerical examples are provided to demonstrate the efficiency of the proposed approach.
I. INTRODUCTION
The FDTD [1] technique has been extensively employed in the modeling of microwave integrated circuits [2] . It is especially suitable for wide-band applications since it allows for the characterization of a given structure in a broad frequency range, through a single simulation. However, the FDTD stability and dispersion properties impose severe limitations on the choice of the cell size and the time step of the method, rendering its application computationally expensive for complex structures.
This challenge of accelerating FDTD simulations for practical geometries has been addressed in the past with a variety of methods, including ones that are based on locally refined irregular meshes and subgridding techniques [3] [4] [5] [6] and more recently a Moving-Window FDTD (MW-FDTD) for the tracking of the forward propagating wave in a wireless channel [7, 8] . Most previous approaches pursue a static mesh refinement, at a priori determined regions, dictated by physical considerations. For example, metallic edges or highdielectric permittivity regions of a computational domain would be considered as such.
However, this approach ignores the dynamic nature of time-domain field simulations. In fact, techniques such as FDTD and TLM essentially register the history of a broadband pulse propagating in a device under test, along with its multiple reflections from parts of the latter. Hence, a sharp edge of a microstrip structure is not continuously illuminated by the pulse excitation; on the contrary, it is so for a (potentially small) fraction of the total simulation time, during which a local mesh refinement around it is needed. Therefore, static mesh refinement, which is widely employed in frequencydomain simulations and has been incorporated in commercial finite-element tools, is only a sub-optimal solution to the mesh refinement problem in the framework of time-domain analysis.
On the other hand, the MW-FDTD method of [8] uses a single moving window to follow a propagating pulse, in a terrain environment. The size and the velocity (magnitude and direction) of the window are fixed. Therefore, the method ignores reflections (which are absorbed by terminating boundaries of the window). As a result, is is not well-suited for circuit simulations, where signal reflection and branching are common and generate the need for multiple, potentially rotating windows.
Recently, the authors proposed the combination of FDTD with the Adaptive Mesh Refinement (AMR) method of computational fluid dynamics [9] , to produce the AMR-FDTD scheme [10] . Instead of using fixed subgrids, this method uses subgrids which are changing based on the evolution of field distributions in space and time. As an example, when a Gaussian pulse propagating along a microstrip line is simulated, the adaptive mesh refinement scheme successfully tracks the movement of the pulse, thereby refining only the region that surrounds the propagating pulse. In fact, it achieves similar accuracy with a uniformly refined FDTD mesh throughout the entire computational domain.
In this paper, AMR-FDTD is applied to the simulation of microwave integrated circuit geometries, providing a new and promising paradigm for time-domain-based CAD tools. The paper is organized as follows; section II outlines the proposed algorithm and presents the data structures employed by it; sections III, IV describe the field updating and the adaptive mesh refinement process, respectively; and section V provides numerical examples, which lead to the conclusion of the paper.
II. OVERVIEW AND DATA STRUCTURE
The AMR-FDTD uses a hierarchical mesh, supported by a binary-tree-type data structure. Each mesh is defined in three-dimensions by its bounding box and cell dimensions. Fig.1 shows an example. For clarity, only the two-dimensional cross-sections of bounding boxes of the meshes are drawn. There are 8 boxes: A, B1~B5, C1~C2, which form a binary tree structure. Box A covers the entire computational domain and is the root of the tree. Boxes B1~B5 contain "level 2" meshes, whose cell size is one-half of the cell size used in the level 1 mesh, per dimension (hence their volume is reduced by a factor of eight compared to the latter). Boxes C1~C2 contain level 3 meshes whose again the cell size is one-half of the cell size used in the level 2 mesh, per dimension. In each bounding box the electric field is sampled at edge centers while magnetic field is sampled at face centers. The boundary of a mesh must be aligned with the grids of its parent. Two meshes may touch each other but never overlap with each other by a non-zero volume.
The basic idea of AMR-FDTD is to fix the root mesh but create child meshes in regions where the fields have significant spatial variations, and the child meshes are dynamically changing as the fields evolve. The process of creating or modifying child meshes is called Adaptive Mesh Refinement (AMR) [9] . It is noted that the AMR procedure is performed for every N A time steps, while N A can be adjusted to handle the obvious trade-off between computation time and accuracy.
III. UPDATING PROCEDURE OF THE MESH TREE
The interior fields of each mesh are updated by Yee's leap-frog procedure. The time step of each mesh is determined from the cell size and the CFL number. All meshes use the same CFL number, therefore meshes of the same level have the same time step, which is half of the time step of their parents. The difficulty occurs at the interface between parent child mesh. The updating procedure is as follows (the time step of the parent mesh is denoted as t, and the current time as t).
1. In the parent mesh: Back-up the electric field for time t. Update the magnetic field, for time t+ t/2. Update the interior electric field, for time t+ t. 2. In the child mesh: On the boundary, copy the interpolated electric field for time t from the parent. Update the magnetic field, for time t+ t/4. Backup the magnetic field. Update the interior electric field, for t+ t/2. 3. In the child mesh: On the boundary, copy the interpolated electric field for time t+ t/2 from the parent. Update the magnetic field, for t+3 t/4. Update the interior electric field, for t+ t. 4. In the parent mesh: In the region overlapped with the child mesh, copy the electric field for t+ t from its child. Copy the interpolated magnetic field for t+ t/2 from its child. Since the sampling position and time for the field of the parent mesh may be different from the child mesh, tri-linear or quadra-linear interpolation is required for transferring fields between them when necessary. Note that this algorithm connects recursively each pair of successive meshes.
IV. ADAPTIVE MESH REFINEMENT
The adaptive mesh refinement procedure is described as follows:
1. Calculate the electric and magnetic energy of each cell.
2. Calculate the magnitude of the numerical gradient of the energy of each cell. 
This refines a region a round each marked point, defined by a radius which is the speed of light times the interval of AMR and a buffering factor F d . Generally, F d =2 is a working choice. 5. Applying the clustering algorithm of [9] to M (i, j, k), obtain a list of boxes which cover all the marked points. 6. Create a new mesh tree and transfer the field values from the old mesh tree to the new mesh tree. To improve the accuracy at early stages of the simulation, one child mesh is created intentionally at the source region, until the excitation reaches a certain value.
V. NUMERICAL RESULTS
To demonstrate the advantages of AMR-FDTD, a microstrip low-pass filter is simulated and the results are compared with those of FDTD. For simplicity, the mesh tree is limited to two levels. AMR is performed every 10 time steps of the root mesh. The modeling of excitation and calculation of S-parameters follow the procedure described by [2] .
The geometry of the filter is shown in Fig.2 . The dimensions indicated are A=30mm, B1=2mm, B2=21mm, W=3mm. The substrate thickness is 0.8mm and its dielectric constant is 2.2. The dimension of the air box is 30mm x 30mm x 4mm. Fig.3 compares the obtained S-parameters by FDTD and AMR-FDTD. The results show that an AMR-FDTD using 30x30x10 mesh achieves accuracy similar to FDTD with a 60x60x20 mesh and clearly superior to an FDTD implemented on the same 30x30x10 mesh. The computation times are compared in Table. I. The simulation was executed on an Intel Xeon 3.06GHz machine. 
